ABSTRACT This paper presents our study on the spatial sampling scheme in a 2-D terahertz holographic imaging system operating at 220 GHz, in which the amplitude and phase of reflected/scattered signal from the target are recorded by raster scanning on the aperture plane. The amplitude and phase based image reconstruction has been proved better than the amplitude based image. Traditionally, the spatial sampling interval, which needs to satisfy the Nyquist sampling criterion, has mostly been selected based on the worst case scenario. However, smaller spatial sampling interval will introduce more time consumption in the scanning. We have derived in theory an optimal spatial sampling criterion based on the target size and the threshold power beam width of transmitter/receiver antenna. The optimal spatial sampling interval is much larger than the worst case Nyquist criterion and has been verified in the experiment, leading to a substantially reduced imaging time while maintaining the image quality.
I. INTRODUCTION
Terahertz technology has many applications in astronomy, biological research, security screening, chemical and explosive detection [1] . Because of its unique features of penetrating dielectric or non-conducting materials, terahertz imaging is a fast growing research area in recent years. All imaging systems in THz spectral ranges can be divided into two main categories: incoherent (direct) detection and coherent detection [2] , [3] .
The coherent detection scheme allows a holographic approach to achieve fast and reliable 3-D images of the inspected objects [4] . The researchers at McMaster University and Pacific North-west National Laboratory (PNNL) have developed the wideband, three-dimensional, planar, and cylindrical holographic imaging systems for a wide variety of applications [5] , [6] . The raster scanning is adopted in these systems to record the signals reflected from the target on the aperture plane. The spatial sampling interval is an important parameter, which determines the imaging quality and time. In theory, the spatial interval should satisfy the Nyquist sampling criterion, i.e. the phase shift from one sample point to the next being less than π rad. However, the spatial sampling interval is usually chosen to be between λ/4 and λ/2 when considering the worst case scenario, i.e. the aperture plane being close to the target [4] . This worst case sampling criterion would lead to an extensive long imaging time in THz band. In practice, many researchers have noticed that the scanning interval can be much larger than the worst case Nyquist criterion while maintaining the image quality in various millimetre/sub-millimetre wave imaging systems [4] - [8] . This has motivated us to look for an optimal spatial sampling interval in a 2D terahertz holographic imaging system. We have derived the optimal sampling criterion is derived in theory and verified it in experiment.
II. THEORY OF 2D HOLOGRAPHIC IMAGING AND SAMPLING
Microwave holography is the long wavelength implementation of the original optical holography technique. These two forms of holographic imaging operate by sampling the amplitude and phase of a wavefront scattered from a target object on a plane (referred as a hologram in optics and an aperture in microwaves). A coherent reference beam is used in conjunction of an illuminating beam in optical holography. However, there is no need to involve a reference beam in microwave holography since the transceiver scans the target on the aperture. In reconstruction of an image, optical holography relies on a coherent reconstruction beam to illuminate the hologram while microwave holography employs a Fourier optic based computer algorithm to process the recorded data on the aperture digitally. Microwave holography is well suited for digital image reconstruction since the Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. relatively long wavelength allows for reasonable scanned data size.
Here we consider a configuration shown in Fig. 1 , following the similar formulation in [4] . The source is assumed to be at position (x, y, 0), and a general point on the target is assumed to be at position (x , y , z 0 ). The target is assumed to be characterized by a two dimensional reflectivity function f (x , y , z ), which is simply the ratio of reflected field to incident field.
The reconstruction algorithm is summarized by [4] f (x, y) = FT
where s(x, y) is the signal received. And the distinction between the primed and unprimed coordinate systems can now be dropped for simplicity since we set the coordinate systems on the target plane and the aperture plane to coincide. It has to be noted that the scenario can be regarded as a near field measurement due to the large scale of the synthetic aperture though the horn aperture is much smaller compared with the detection distance. The 2D distribution function s(x, y) is normally measured through a raster scanning on the aperture plane. So an adequate selection of sampling interval plays a key role in a successful imaging system. Normally, many researchers have used the Nyquist sampling criterion in the worst case scenario for the selection of the sampling spacing. However, the worst case Nyquist sampling interval will result in a long scanning time, which is not desirable for the security related applications. Considering a compromise between the imaging speed and the image quality, an optimal sampling scheme needs to be studied. Actually, the sampling scheme is related to many factors, including the wavelength (λ), size of the aperture (D A ), size of the target (D T ), distance between the target and the aperture ( z) and the transceiver antenna beam width.
In the quasi monostatic experimental imaging system, the transmitting and receiving horn antennas are separated but in approximately the same location, and it appears to be a roundtrip problem. Consider the frame displayed in Fig. 2 , the maximum size of the target is d and the target is located at the center of the scanning area. The weak signal received beyond the target area can be ignored since it does not affect the holographic imaging quality. So the maximum phase shift occurs between two sampling points near one edge of the target when receiving the signals reflected from the other edge will be 2k 0 (L 1 − L 2 ). And the distance difference is
where d is the distance between two sampling points, i.e. sampling interval and θ T is defined as the target angle. Then the Nyquist sampling criterion must be satisfied as
Considering (2), we have 2k
where λ = 2π/k 0 . For the worst case scenario that the target being very near to the aperture, we have target angle θ T ≈ 90 • . According to (4), the sampling interval ( d) should satisfy d < λ/4 which is in agreement with the theoretical spatial sampling criterion in [4] .
In addition, we need to consider the beam width of the highly directional transmitting and detecting antennas. The received signal would be below the detection threshold if it arrives beyond a certain beam width of the antenna. We define this angle as Threshold Power Beam Width (TPBW) angle, which is system dependent. If θ T is larger than the TPBW angle, then the distance difference should be calculated as where θ TPBW is the angle of the TPBW. The following sampling interval limit must be satisfied:
In [4] , the effect of the antenna beam angle was taken into account by simply doubling the interval as λ/2, which is referred as the practical sampling interval. This practical sampling interval is obvious to be too restrictive in view of (4) and (6) . We can introduce a much more relaxed optimal sampling interval as
Next, SNR I is introduced to quantitatively assess the quality of the images. SNR of the image (SNR I ) is determined from the bright and dark areas on the image. SNR I is defined as the ratio of brightness' difference and the standard deviation of the dark area brightness [9] . For a high contrast scene, the background can be set as uniform black then we have
where B bright is the mean brightness of the target area. σ (B bright ) is the standard deviation of the bright area brightness. According to the ISO standard, an image in excellent quality should have a SNR I value above 32 dB while an image in acceptable quality only needs a SNR I value just above 20 dB [11] .
III. EXPERIMENTAL HOLOGRAPHY SYSTEM CONFIGURATION
Two identical corrugated horns are used as the transmitter and receiver antennas with a HPBW angle of about 14 • . In Fig. 3 , the distance between the target plane and the aperture plane z and the aperture dimension D A are set to be 1600 mm and 400 mm, respectively.
Transmitter and receiver antennas are connected to PNA-X (Performance Network Analyser) through two N5256AW05 millimeter-wave modules. In the normal scanning procedure, the antenna is moved in two dimensions controlled by two step motors in a specific sampling interval. The signals are recorded on the receiving antenna at each position. However, considering the rigid waveguide connection between antennas and other devices in this verification experiment, the target is moved in x-dimension and ydimension through the NSI 2000 scanner (near field scanner)instead. Based on the reciprocity theorem, the data from PNA-X and NSI 2000 are imported into a PC to reconstruct the image of the target.
A photography of the experimental set-up is shown in Fig. 3(a) . The separation of two horns is 106.68 mm which is limited by the size of millimeter-wave modules. It is shown that this separation between the transmitting and receiving antennas has almost no effects on the image quality with an optimal sampling interval [10] . A rectangular metal target with the dimension of 140 mm × 110 mm with 4 screw holes of 4.5 mm diameter concealed at the center and 6 holes of 5 mm diameter, as shown in Fig. 3(b) , is fixed on the scanner.
Here we have followed the same approach adopted in [9] to assess the Point Spread Function (PSF) and Line Spread Function (LSF) of the imaging system. A target with knife edge is imaged horizontally and vertically. The knife edge is tilted 1.75 • from the vertical or horizontal directions. As the rectangular aperture imaging system is assumed to have a PSF of Sinc function, the Min-Max normalized Sinc Integral function is fitted to brightness curves across horizontal and vertical knife-edge (Edge Spread Function-ESF) [9] . Fig. 4 shows the LSF with horizontal and vertical knife edge compared to the theoretical PSF. It is shown that the LSF curves in two directions spread slightly more than the theoretical PSF due to the imperfection in the scanning setup [9] . The half power width of theoretical PSF is 1.5 mm while the half power width of experimental LSF is 2.4 mm. Therefore, the realised resolution of this scanning system is 2.4 mm.
IV. IMAGING RESULTS AND ANALYSES
Let us look at the imaging result when the number of sampling points set to be 201 (with sampling spacing 1.47λ) at first. The amplitude and phase distributions of VOLUME 6, 2018 electric field on the aperture plane s(x, y) are shown in Fig. 5(a) and (b) , demonstrating a poor target image if only based on the amplitude. After the holographic processing, we can generate the hologram of the target, as shown in Fig. 6(a) . The shape and the detailed features of the target can be viewed clearly, even the four small holes being concealed by the paper tape, which verifies the image resolution deduced from LSF in Section III.
In this holographic imaging system, the target angle θ T is 5 • , smaller than the TPBW angle θ TPBW (7 • ). Equation (7) gives the optimal sampling interval of 2.87λ, which is much larger than the practical sampling interval (λ/2). As shown in Fig. 6(b) , the image quality is excellent with a SNR I of 32 dB by using a sampling interval close to this value. Therefore, it has proved that this optimal sampling criterion can guarantee a good image quality, hence referred as the optimal sampling interval. In practice, if we only wish to generate an image with acceptable quality, this sampling interval can be further relaxed by doubling it to 5.74λ, referred as the 'acceptable sampling interval' for the sake of shorter scanning time. In order to verify this sampling criterion, several comparison experiments have been conducted. With the fixed scanning area D A of 400 mm, the total sampling points are varied from 21 to 201, corresponding to sampling interval d from 14.67λ to 1.47λ.
The holographic images with 21, 31, 41, 51, 61, 81, 101 and 201 sampling points in one dimension are shown in Fig. 6 . The sampling interval, scanning time and the corresponding SNR I of the rectangular target are listed in Table 1 . It is noticed that SNR I increases with the increase of sampling points. The SNR I versus sampling points are also plotted in Fig. 7 .
As shown in Fig. 7 , SNR I starts to level off above 32dB after the optimal sampling interval (2.87λ). At the acceptable sampling interval (5.74λ), the image in Fig. 6 (e) is still recognizable with blurring fine features (holes) at a SNR I value of 26.28dB. One should always note, however, that this does not relax the Nyquist criterion on a information theory level. Insufficient sampling density will inevitably lead to imaging artifacts, but the tradeoff between the image quality and the scanning time is still valuable. In Fig. 6 , we can see that when the sampling interval is increased beyond the acceptable sampling interval (5.74λ), the images deteriorate quickly in (f) to (h) cases. Though the edge of the target can still be discriminated in (f), the holes start to disappear. In the sparsely sampled cases of (g) and (h), the images can only show the shape of the target.
V. CONCLUSION
It is shown that in the 2D THz holographic imaging the spatial sampling criterion based on the worst case scenario is far too restrictive than is usually required. A more relaxed optimal sampling criterion has been derived in terms of target size, distance to the target and antenna beam width. The designed experiment has verified that the proposed spatial sampling criterion can guarantee good image quality with a substantial reduction of scanning time. An acceptable sampling interval is also introduced to further reduce scanning time while keeping the image quality at an acceptable level. He has co-authored two textbooks, over 100 journal papers, and 300 refereed conference papers. His research interests include microwave and THz antennas and devices, wireless communications, and bio-electromagnetics. VOLUME 6, 2018 
